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ABSTRACT
Using fully GPU N-body simulations, we demonstrate for the first time that subhalos sink
and transfer energy via dynamical friction into the centres of dwarf galaxies. This dynamical
heating kicks any central massive black hole (MBH) out to tens of parsecs, especially at early
epochs (z=1.5-3). This mechanism helps explain the observed off-center BHs in dwarf galaxies
and also predicts that off-center BHs are more common in higher mass dwarf galaxies since
dynamical friction becomes significantly weaker and BHs take more time to sink back towards
the centres of their host galaxies. One consequence of off-center BHs during early epochs of
dwarf galaxies is to quench any BH feedback.
Key words: halo dynamics - methods: N-body simulations - galaxies: supermassive black
holes - galaxies: subhalos - galaxies: halos
1 INTRODUCTION
Most galaxies are known to harbour supermassive black holes
(SMBHs), formed within a billion years after the Big Bang. More-
over, dwarf galaxies may frequently host massive black holes
(MBHs) at their centres according to X-ray observations, among
others (see Greene, Strader & Ho (2019) for a recent review). These
MBHs are in the mass range ∼ 103 − 105 M and are expected
to play key roles in SMBH formation scenarios that invoke galaxy
mergers.
Intriguingly, someobservations of active galactic nuclei (AGN)
in dwarf galaxies claim that MBHs are not located at the centers
of their host galaxies. This offset varies between tens of parsecs
to a few kiloparsecs (Menezes, Steiner & Ricci 2014; Menezes,
Steiner & da Silva 2016; Reines, et al. 2019; Shen, et al. 2019).
Different scenarios have been proposed to explain these off-center
BHs. Plausibly, the offset could be due to the presence of a binary
system before the merger (e.g. Sundararajan, Khanna & Hughes
(2010) and references therein), or via tidal stripping during mergers
(see Tremmel, et al. (2018) and references therein), the incomplete
MBH inspiraling phase of the two merging galaxies (Barth, et al.
2009; Comerford & Greene 2014), or the recoil of merging BHs
(Merritt &Milosavljević 2005; Volonteri & Perna 2005; Loeb 2007;
Komossa 2012). Furthermore, recent simulations show that BHs in
dwarf galaxies are expected to be wandering around the central
regions after the occurrence of mergers or due to tidal stripping
(Bellovary, et al. 2019; Pfister, et al. 2019; Bellovary, et al. 2010).
The merging mechanism seems important for blue dwarfs, whereas
the old dwarfs dominate (Kado-Fong, et al. 2019). Moreover, major
mergers of dwarf galaxies seems also very rare after z ∼ 3 (Fitts,
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et al. 2018). As the frequencies of dwarf galaxy mergers and MBH
binaries are uncertain, we propose below an alternative explanation
for off-center MBH.
The cold dark matter (CDM) paradigm predicts that a very
large number of dark matter substructures exist inside galactic ha-
los (Diemand, et al. 2008; Springel, et al. 2008). Recently, Gaia
DR2 data has provided additional evidence for these substructures
(Banik, et al. 2019). Dark matter (DM) halos are growing with time,
either through mergers with DM halos or by accretion of smaller
halos. The latter, considered as DM subhalos, have crossed the virial
radius of a larger halo at some point in the past. Subhalos interact
gravitationally with all the components of the galaxy before be-
coming remnants of disrupted halos (Zavala & Frenk 2019). In the
central regions, the MBH dominates the central mass content of the
galaxy (Ferrarese &Merritt 2000; Gebhardt, et al. 2000). This is the
reason why passages of subhalos near the central regions of the host
galaxy can lead to energy exchange with MBHs in dwarf galaxies.
In this Letter, we show that subhalo crossings during their
infall phase can heat the central regions of dwarf galaxies and kick
the central MBH on average out to tens of parsecs from the galaxy
centre over a significant fraction of the dwarf history. Assuming
average initial conditions for the subhalos, we performed N-body
simulations with GPUs, which allow parsec resolution, to study this
heating process that naturally creates off-center MBHs in dwarf
galaxies. The paper is organized as follows. Section 2 provides
a description of the N-body modelling of the dwarf galaxy and its
subhalos, alongwith details of our numerical simulations. In Section
3, we present our simulation results, and Section 4 discusses the
implications of off-center BHs for the cusp-core problem. Section
5 presents our conclusions.
© 2019 The Authors
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Figure 1. Subhalo accretions: Average number of subhalos per Gyr as
function of redshift (left panel) and cumulative average number of subhalos
(right panel) as function of time with a mass ratio 10 < Mhost/Msub < 100
in 109 and 1010 M DM host halos. This estimate is an average of the
number of mergers based on the extended Press-Schechter (EPS) formalism
(Neistein & Dekel 2008).
2 DWARF GALAXY-SUBHALO SIMULATION
As our host galaxy, we consider a dwarf galaxy that has accretedDM
subhalos with mass ratio 10 < Mhost/Msub < 100. We construct
a live dwarf galaxy composed of a central MBH (105 − 106 M),
with only stars and DM particles, since dwarf galaxies contain little
or no gas today. The stellar component is modelled by a Plummer
profile (Plummer 1911):
ρ(r) = 3a
2M0
4pi
(r2 + a2)−5/2, (1)
where a and M0 are the scale parameter and the mass, respectively.
We assume an average half-light radius of 294 pc and a mass of 107
M for the stellar component of the dwarf galaxy based on Table 1
of Read et al. (2019). For the host halo and subhalos, we assume a
NFW density profile (Navarro et al. 1996):
ρNFW(r) = ρ0
(
r
rs
)−1 (
1 +
r
rs
)−2
, (2)
with central density ρ0 and scale-length rs. For the simulations,
we consider DM host halos of Mhost = 109 and 1010 M at redshift
z = 3. Given the halo mass and redshift, both halo concentrations
c200 can be estimated from cosmological N-body simulations (Dut-
ton & Macciò 2014). The abundance of subhalo accretion for a
specific host halo mass range can be determined by the extended
Press-Schechter (EPS) formalism (Bond, et al. 1991; Lacey & Cole
1993). Fig. 1 represents the average number of subhalos per Gyr
as function of redshift (left panel) and cumulative average num-
ber of subhalos (right panel) as function of time with mass ratio
10 < Mhost/Msub < 100 in 109 and 1010 M DM host halos. We
determine this rate from analytic merger rates for DM halos within
the EPS formalism (Neistein &Dekel 2008). The left panel in Fig. 1
shows that a 109 (1010) M host halo has accreted on average 3-
4 (4-5) subhalos per Gyr for the adopted mass ratio at z = 3 (see
Fig. 1).Moreover, galaxies continuously accrete smaller halos. Over
their history, 109 (1010) M host halos have accreted 10-11 (13-14)
subhalos with a mass ratio 10 < Mhost/Msub < 100 (see right panel
in Fig. 1). In the simulations, the subhalo position was drawn ran-
domly under the requirement that the initial separation between the
centre of the galaxy and subhalos is the virial radius of the host halo,
rvir. The subhalo orbit has an initial circularity η depending on the
host halo mass and redshift. As the orbital distributions of subhalo
circularity are given to good approximation by Wetzel (2011), we
determine the average circularity η = 0.52 (η = 0.47) at z = 3 for
a 109 (1010) M host halo. Here, the MBH is represented by an
additional particle of mass 10−4 and 10−3 Mhost, placed initially at
the center of the dwarf galaxy. We assume also in this study that our
dwarf galaxy is in isolation.
To generate our live objects, we use the initial condition code
magi. Adoption of a distribution-function-based method ensures
that the final realization of the galaxy is in dynamical equilibrium
(Miki & Umemura 2018). We perform our simulations with the
high performance collisionless N-body code gothic, which runs
entirely on GPUs (Miki and Umemura 2017). We evolve the dwarf
galaxy-subhalo system over 12 Gyr for 109 and 1010 M host halos.
We performed simulations for 1 and 4 subhalos with mass ratios
Mhost/Msub = 12.5 and 50, as limiting cases. We set the particle
resolution of all the live objects to 100 M and the gravitational
softening length to 2 pc. We also assess the impact of numerical
effects on BH dynamics by running simulations for three different
softening lengths,  = 4, 2 and 1 pc. We apply these tests to the
simulation over 12 Gyr for a 109 M DM host halo hosting a 105
M BH and accreting one DM subhalos with a mass of 8 × 107
M . Our simulations are well converged for  = 1 and 2 pc. Our
system was centered on the mass center of the stellar component
for all our results. The system corresponds to all particles (DM,
stars and MBH) in the simulation. The reason why we centered on
the stellar component is precisely because observations establish
displacements of MBH from the stellar component.
3 RESULTS
We consider the accretion of DM subhalos by a dwarf galaxy, which
hosts a centralMBH.Details of all our scenarios are given in Table 1.
The inset plot in Fig. 2 depicts the orbital decays of four subhalos
with a mass of 8 × 107 M by a a dwarf galaxy embedded in a 109
M DM halo over 12 Gyr. These radii correspond to the distance
between the subhalo and the centre of the dwarf stellar component.
Dynamical friction induced by the DM field is responsible for the
infall of these subhalos. As a result, the central region of the galaxy
experiences multiple subhalo crossings (see in Fig. 2). Indeed, DM
subhalos are extended objects following a NFW profile with a scale
radius of∼ 600 pc and their outerparts interact with the host galaxy’s
centre during crossings. Furthermore, subhalos also experience tidal
disruptions from the dwarf galaxy. As shown in the inset plot in
Fig. 2, all subhalos are completely disrupted after 6-8 Gyr.
Subhalo crossings heat the central region andmore particularly
the MBH via dynamical friction. Indeed, subhalos add energy to
the BH, causing it to leave the galaxy centre. Fig. 3 illustrates the
orbital radius of a 105 M MBH, initially at the galaxy centre,
over 12 Gyr. This distance corresponds to the distance between
the BH and the mass centre of the dwarf stellar component. In the
absence of perturbers such as subhalos, the MBH remains at the
centre of the dwarf galaxy. This scenario ensures the stability of
the BH against numerical effects (black curve in Fig. 3). However,
taking into account the subhalo interactions results in a kick of the
MBH to tens of parsecs from the galaxy centre. Indeed, theMBHhas
gained kinetic energy via dynamical friction.As subhalos reach their
velocity peak during its first infall in the galaxy, the energy transfer
is maximal at their first pericentre of subhalos (see Fig. 2). Fig. 3
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Figure 2. Energy transfer via dynamical friction: Kinetic energy over 12
Gyr gained by the MBH in different scenarios (see Table 1 for details). As
subhalos reach their velocity peak during its first infall in the galaxy, the
energy transfer is maximal at their first pericentre of subhalos. Inset figure:
Orbital decay of the four subhalos with a mass of 8 × 107 M accreted by
a dwarf galaxy embedded in a 109 M host halo over 12 Gyr. These radii
correspond to the distance between the subhalo and the centre of the dwarf
stellar component. The initial separation between the centres of the galaxy
and subhalos is the virial radius of the host halo, rvir. Dynamical friction
induced by the DM field is responsible for the infall of these subhalos. Thus,
the central region of the galaxy experienced multiple subhalo crossings.
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Figure 3. Off-center MBH: BH orbital radius over 12 Gyr for different sub-
halo numbers and masses (see Table 1 for details). This radius corresponds
to the distance between the BH and the mass centre of the dwarf stellar com-
ponent. The reason why we centered on the stellar component is precisely
because observations establish displacements of MBH from the stellar com-
ponent. The MBH of mass 105 M is initially at the centre of the dwarf
galaxy. Subhalo crossings heat the central regions and more particularly
affect the MBH via dynamical friction. Indeed, subhalos add energy to the
MBH, causing it to leave the galaxy centre. In the absence of perturbers, the
MBH remains at the centre of the dwarf galaxy. This scenario ensures the
stability of the BH against numerical effects (black curve). However, taking
into account the subhalo interactions results in a kick of the MBH to tens
of parsecs from the galaxy centre, depending sensitively on the number of
subhalos and on their masses. We assume that the MBH is off-center when
its orbital radius is greater than the orbital radius of the MBH in the absence
of any perturbers (Nsub = 0)
also highlights that the displacement of the MBH depends strongly
on the number of subhalos and their masses. We assume that the
MBH is off-center when its orbital radius is greater than the mean
displacement of the MBH calculated over 12 Gyr in the absence
of any perturbers (Nsub = 0) and this phenomenon is characterized
by the offset time Toffset. Table 1 shows that the MBH is off-center
most of the time in all scenarios. We also calculate the time spent by
the MBH at rBH > 15 pc. Before kicking the MBH, subhalos need
a characteristic time to transfer energy to the central BH, defined
to be the heating time Theating. The maximum offset reached by the
MBH due to heating from subhalos is between 35 (run12) and 134
pc (run18) depending on the scenarios (see Table 1). According to
Fig. 1, 109 M DM halos accrete on average 3-4 DM subhalos at
redshift z=3. Based on run42 and run48, we predict that the MBH
will spend on average 1.9-2.5 Gyr beyond 15 pc due the crossings
of the four subhalos after the heating time (0.25-0.35 Gyr). Thus,
we expect that MBH are off-center for a significant time during
the early epochs (z=1.5-3) of dwarf galaxies. Furthermore, as the
subhalo accretion is a continuous process in galaxies, we expect
that most of the time, MBH are offset from the galaxy centre due
to repeated heating by subhalo crossings. At low redshift, 1-2 DM
subhalos are still be accreted by dwarf galaxies (see Fig. 1) and
we expect that most of MBHs will be off-center by tens of parsecs
even if these substructures are less concentrated at this recent epoch
(see run12 and run18 in Table 1). Hovewer, our mechanism cannot
explain the large displacement of MBHs observed for nearby dwarf
galaxies (Reines, et al. 2019).
According to this scenario, we expect that the host halo and
MBH masses play an important role. Indeed, this heating mecha-
nism is based on the efficiency of dynamical friction, which strongly
depends on the DM density at the galaxy centre. Run48 and run48b
confirm that increasing the BH mass reduces its offset time because
more massive objects fall in more rapidly due to dynamical friction
(see Table 1). We explored the host halo mass impact in Fig. 4 by
comparing the MBH offset induced by subhalos in 109 M and
1010 M host halos over 12 Gyr. Fig. 4 shows that MBH are off-
center for a longer time in higher mass DM hosts. Indeed, the MBH
spends on average 3.8 Gyr beyond 15 pc after the heating phase in a
1010 M host halo. According to our simulation results, we predict
that MBHs are going to be off-center for a longer time in higher
mass galaxies. This offset time is directly related to dynamical fric-
tion, which strongly depends on the DM density profile. Assuming
a NFW profile, we determine the density profiles of DM host halos
with different masses at redshift z = 0 in Fig. 5. Given the halo mass
and redshift, both halo concentrations c200 can be estimated from
cosmological N-body simulations (Dutton & Macciò 2014). We
show that the density at the centre decreases as the halo mass grows
(see Fig. 5). At high redshift, the difference between the central den-
sity as function of the DM halo mass is reduced but the same trend
is respected. Consequently, we predict that off-center BHs are more
common in higher mass galaxies because after the kick, dynamical
friction on BHs becomes significantly weaker and then BHs take
more time to sink towards the centre of these galaxies. Moreover,
in high mass galaxies, MBHs are going to have less inertia due to
the lower galaxy potential and thus they will reach farther distances
as demonstrated in Fig. 4. Our result reinforces our prediction of
a population of wandering black holes, particularly in higher mass
galaxies (Governato, Colpi&Maraschi 1994; Schneider, et al. 2002;
Volonteri, Haardt &Madau 2003; Islam, Taylor & Silk 2004;Micic,
Holley-Bockelmann & Sigurdsson 2011; Rashkov & Madau 2014;
Bellovary, et al. 2019).
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Simulation Nsub MBH Msub Mhost M∗ m  Theating Toffset T (rBH > 15 pc) rBHmax
[M] [M] [M] [M] [M] [pc] [Gyr] [Gyr] [Gyr] [pc]
run42 4 105 2×107 109 107 100 2 0.35 10.7 1.9 37
run48 4 105 8×107 109 107 100 2 0.25 9.4 2.5 96
run12 1 105 2×107 109 107 100 2 0.4 9.95 1.15 35
run18 1 105 8×107 109 107 100 2 0.3 9.5 2.2 134
run48b 4 106 8×107 109 107 100 2 0.25 8.25 1.9 92
run48m 4 105 8×108 1010 107 100 2 0.3 9.95 3.8 129
Table 1. Simulation parameters for all the scenarios. From left to right, the columns give: the number of subhalos; the MBH mass; the subhalo mass; the DM
host halo mass; the stellar mass; the mass resolution; the softening length; the heating time; the offset time; the time spent by the MBH at rBH > 15 pc; the
maximal distance reached by the MBH. The maximum offset reached by the MBH due to heating from subhalos is between 35 and 134 pc. MBHs will spend
on average 1.9-2.5 Gyr beyond 15 pc due the crossings of the four subhalos after the heating time (0.25-0.35 Gyr). Thus, we expect that MBHs are off-center
during a significant time in the early epoch (z=1.5-3) of dwarf galaxies.
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Figure 4. Host halo mass impact: BH orbital radius over 12 Gyr in 109 and
1010 M DM host halos accreting four DM subhalos with a mass of 8×107
M . MBHs are off-center more time in higher mass DM host. Indeed, the
MBH spent on average 3.8 Gyr beyond 15 pc after the heating phase in a
1010 M host halo (see Table 1). We predict that MBHs are going to be
off-center for a longer time in higher mass galaxies.
4 THE CUSP-CORE PROBLEM
One of the key predictions of the Λ cold dark matter (ΛCDM)
model of cosmology is that DM assembles into halos that, in the
absence of baryon effects, develop cuspy density profiles follow-
ing the Navarro-Frenk-White (NFW) form. This important result
was obtained from N-body simulations and is independent of ini-
tial conditions and cosmological parameters (Navarro et al. 1996,
1997). Nevertheless, the latter study shows that the DM density
profile seems not to be universal (Navarro, et al. 2010). In contrast,
the DM density profiles of dwarf galaxies, inferred from their HI
rotation curves or stellar kinematics, reveal shallower profiles than
the NFW model and that are consistent with a central density core
(Moore 1994; Flores & Primack 1994; Burkert 1995; de Blok, Mc-
Gaugh&Rubin 2001; Kuzio de Naray &Kaufmann 2011; Hague &
Wilkinson 2013; Oh, et al. 2015). This discrepancy between theory
and observation corresponds to the so-called core-cusp problem,
considered to be one of the greatest challenges faced by the CDM
paradigm. In order to resolve this discrepancy, many mechanisms
involving baryons have been proposed, which could transform cusps
into cores via changes in the gravitational potential caused by stel-
lar feedback redistributing gas clouds, generating bulk motions and
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Figure 5. Dynamical friction in halo centres: Density profiles of DM host
halos with different masses as function of the radius normalized by their
scale radius, assuming a NFW profile at redshift z = 0. The offset time is
related to the efficiency of dynamical friction, which strongly depends on
the DM density at the galaxy centre. The density at the centre decreases as
the halo mass grows. Consequently, the dynamical friction on BHs becomes
significantly weaker and BHs take more time to sink towards the centre of
higher mass galaxies after the kick.
galactic winds along with heating by dynamical friction of massive
clumps (e.g. Ogiya & Mori 2011; Teyssier et al. 2013; Pontzen &
Governato 2012; El-Zant et al. 2001; Goerdt et al. 2010).
Solutions invoking baryonic feedback cycles can potentially
reconcile observed dwarf galaxy anomalies with ΛCDM predic-
tions. This challenge at small scales occurs precisely where baryons
play an important role, notably through BH feedback that gener-
ates significant movements of the gas. BH feedback can expel large
amounts of gas from the central of galaxies. A fraction of this
gas then cools and returns to the centre, generating repeated cy-
cles of significant outflows which in turn cause rapid fluctuations
of the gravitational potential. These potential fluctuations dynami-
cally heat the DM and lead to the formation of a core (e.g. Martizzi,
Teyssier &Moore 2013; Peirani, et al. 2017; Silk 2017). The gradu-
ally dispersion of the DM particles away from the center of the halo
is ultimately responsible for core creation.
Numerical simulations show that the peak of AGN activity
happens between z ∼ 3 and z ∼ 1.6. We sould be able to observe
the flattening of the DMdensity profile induced by high BH activity.
Especially during this early phase of galaxy evolution, we predict
MNRAS 000, 1–5 (2019)
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thatMBHs are off-center according to our simulation results. Due to
the heating by subhalos, we have shown that BHs remain on average
tens of parsecs away throughout most of the haloâĂŹs history.
However, BHs accrete gas inefficiently away from the galaxy centre
as gas clumps are centrally located (Smith, et al. 2018). Then, the
conditions required to alter the deep potential of galaxies appear
to be missing. Without BH feedback, the inner density profiles of
DM halos will remain cuspy. In addition, off-center BHs entail
the quenching of BH feedback in dwarf galaxies. Consequently,
it seems difficult to induce DM core formation in dwarfs from
BH feedback. Baryonic feedback cycles are the preferred option
(Pontzen & Governato 2012).
5 CONCLUSIONS
We have shown that the heating of the central region in dwarf
galaxies by subhalos via dynamical friction entails the offset of
MBHs, especially at early epochs (z=1.5-3). Indeed, at redshift z=3,
the average number of subhalo accretions is high (∼4 per Gyr) and
then the sinking of subhalos transfers energy to the galaxy centre
and especially to the MBH, causing it to leave the central region.
The heating by subhalos and the subsequent kick to the centralMBH
provides a new mechanism that contributes to explain observed off-
center BHs in dwarf galaxies. We have also predicted that off-center
BHs are more common in higher mass galaxies because after the
kick, dynamical friction on BHs becomes significantly weaker and
then BHs takemore time to sink towards the centre of these galaxies.
As BH feedback consists of energy injection into halos, this latter is
commonly invoked as a mechanism for core formation. Indeed, BH
feedback can induce cusp-to-core transition for the DM halo. Here,
we have argued that the main consequence of off-center BHs during
early epochs of dwarf galaxies is the quenching of BH feedback and
then the absence of DM core formation by this mechanism.
Dynamical perturbations induced by subhalo crossings, caus-
ing MBHs to vacate the galaxy center, can also modify the spatial
distribution of the other galaxy components such as stars and DM
particles. Stars heated by subhalos can contribute to populating the
stellar halo as an alternative to star formation in gas outflows that
are associated with starburst activity (Maiolino, et al. 2017; Gal-
lagher, et al. 2019; Rodríguez del Pino, et al. 2019; Yu, et al. 2019).
A notable difference between these scenarios will be the age dis-
dtribution of the ejected stars. This mechanism will be studied in a
forthcoming publication.
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